A high-brightness, low energy electron source and dual Geiger-Müller-type isochromat photon detectors are combined to create a versatile new inverse photoemission system. The bandpass of the photon detector can be set to one of the following discrete values: 0.37±0.02, 0.43±0.02, 0.56±0.02 or 0.73±0.04 eV by using ethanol, 1-propanol, 1-butanol or a dimethyl ether/ethanol mixture respectively as the detection gas(es). All of the alcohols are self-quenching and do not require the addition of an additional quench gas. The design of the photon detectors, the electron gun, and the circuits that perform the dead time gating are described in detail. The capabilities of the new system are illustrated using spectra from both metal (Cu) and semiconductor (Si) surfaces.
I. INTRODUCTION
Inverse photoemission is a powerful experimental technique for probing the quantum numbers of electrons in solids and on surfaces [1] [2] [3] [4] [5] , and the iodine Geiger-Müller (GM) photon detector 3, 6, 7 has played an important role in its development [2] [3] [4] [5] . The ionization potential (IP) of iodine gas (9.28±0.02) eV 8 can be matched to the high energy transmission threshold of SrF 2 (9.80 eV) 9 to produce a detector with a full width at half-maximum (FWHM) bandpass (∆hω d ) of 0.265 eV 10 and a mean detection energy (hω d ) of 9.43 eV 10 . In this paper, a new momentum-resolved inverse photoemission system is described that incorporates a high brightness Stoffel-Johnson (S-J) electron source 11 and two isochromat GM-type photon detectors that can collect up to 57.8% of the light emitted from the sample. We have successfully used 'standard' cylindrical GM tubes 12, 13 and also cylindrical tubes that have a flat formed along one side, with a D-shaped cross section. We refer to these as D-tubes.
If the flat is positioned adjacent to the electron source, the radius of the D-tube can be increased above the standard radius (a D > a) producing a net increase in the solid-angle of detection. Moreover, the photon bandpass can be set to ∆hω d = 0.37±0.02, 0.43±0.02, 0.56±0.02 or 0.73±0.04 eV by using a MgF 2 entrance window and by simply changing the detection gas (Table 1) . With a bandpass of 0.37±0.02 eV, the ethanol detector is ideally suited for studies of surface electronic structure, because the lifetime broadening of many valence band states in semiconductors is larger than this 14, 15 . On the other hand, the other detection gases have larger bandpasses (Table 1 ) and they can be used to study systems such a molecular layers or reactive surfaces, where it is important to limit the exposure of the surface to electrons or acquire a spectrum within a short time interval. The ability to change the detector bandpass could also be used to advantage in spin-polarized inverse photoemission measurement 4 .
transmission function, rather than use the onset of photon emission at the Fermi level of Cu(111). Using the image state is a much more direct way of measuring the optical bandpass producing smaller experimental uncertainties. This measurement also provides information about the shape of the transmission function that helps to resolve some questions we raised earlier 17 . Next we describe the electronics that are used to sum the outputs of the two GM detectors and perform the dead time gating. A description of the vacuum system and the steps taken to ensure the electron source and the scattering volume are magnetically shielded are briefly described. Finally we present some experimental results that demonstrate the versatility of the system.
II. THE ELECTRON SOURCE
The low energy electron source is optically identical to the high brightness StoffelJohnson 11 source that was designed for inverse photoemission experiments. It comprises a diode extraction source and a three-element refocussing lens which magnifies a circular source with a diameter of 0.4 mm to form the final image with a diameter of ≈ 1.4 mm.
The lens bore is D=16 mm and the object and image distances are P =1.3D and Q=2.5D respectively 11 . The design of the gun is best understood by starting with the HelmholtzLagrange law that states that the product rθ √ ε, where r is the beam radius, θ is the pencil angle and ε K is the kinetic energy of the beam, is invariant. If we consider the lens system and use the Helmholtz-Lagrange law to derive a relationship between the trajectories at the object and image, we have M M θ = √ R, where the linear magnification M = r Q /r P , the angular magnification M θ = θ Q /θ P and the retardation ratio R = ε P /ε Q . To reduce the effect of space charge at the source, the electrons are accelerated to 6 times the final energy, ε P = 6ε Q , consequently R = 6. To create working room between the last lens and the sample Q > P . Consequently θ P > θ Q , M θ < 1 and M > √ 6. In the S-J design, M = 3.5.
In our source the lenses are machined from copper-beryllium, because of its high conductivity and good dimensional stability, and plated with gold to improve the work function uniformity 18 . The aperture plate is made from molybdenum to avoid poisoning the cathode, as this anode experiences a high heat load. The lens elements are spaced with alumina ceramics (Kimball Physics) and electrical connections were made using 30AWG Kapton coated copper wires (MDC Vacuum). The main assembly screws that hold the gun together are also made from molybdenum to avoid residual magnetism. The cathode is an inexpensive BaO dispenser and heater filament commercially available as a replacement for electron guns in televisions. Three pincers mounted on insulating macor blocks provide connections to the fine cathode and filament wires and both can easily be changed. FIG. 2 is an assembly drawing of our S-J source design.
A. Space charge
Because the electrons are accelerated to six times the final kinetic energy in the extraction stage, the S-J source is space charge limited at the image. Using the design value 11 of the full convergence angle (5 • ), the maximum current that can be supplied without space-charge (SC) broadening the image is
where I sc is measured in units of µA and ε is in eV. For the lowest gun energy we use (7 eV) with the original design objectives 11 . The dominant change in the beam profile is a loss of focus at the sample position. The broadening of the image is important when the source is being used to produce a virtual entrance slit in a grating monochromator 4, 11 ; the broadening degrades the energy resolution. In our case, the broadening of the beam does not directly translate into an energy broadening and therefore it causes us less concern. Nevertheless, during operation of the source, our control system monitors the electron current and it generates a warning if the source is run in the space-charge regime.
B. Contact potential offset
The S-J source 11 is designed to be run with the cathode at V cathode = −V 0 , the extractor (or anode) at V anode = +5V 0 , the focus lens at V focus = −0.9V 0 and the exit lens at V exit = 0 V.
As mentioned in the original paper 11 , the intensity of the beam at gun energies ε K < 10 eV can be increased, and the width of the beam can be narrowed, by correctly accounting for the contact potential difference between the BaO cathode and the gold plated CuBe lenses. This is to be expected since the voltage ratios only attain their design values when the contact potential correction is applied. The magnitude of the contact potential becomes increasingly important as the electron energy is lowered, as illustrated in FIG. 4 . In some cases, we have found that the intensity of the beam can be increased by as much as a factor of 4 by applying the contact potential correction to the cathode.
C. Momentum resolution
The parallel momentum resolution has two components, one from the finite energy resolution (∆ε K ) and one from the finite angular resolution (∆θ). Adding the two contributions in quadrature leads to the full expression for the parallel momentum resolution:
A similar expression describes the momentum resolution in angle-resolved photoemission 20 and at normal-incidence this equation reduces to
Because the parallel momentum resolution is dominated by the effect of the finite angular resolution, this is a good approximation to the total parallel momentum resolution.
In the normal-incidence geometry, our parallel momentum resolution, assuming the total 21 where it was found that ∆θ ≈ 7
• , close to the design specification. We also studied the dispersion of the Shockley surface state on Cu(111) and obtained similar results. This is to be expected since the sources are optically identical.
III. ISOCHROMAT PHOTON DETECTORS
As mentioned above, we have successfully used photon detectors of two different designs.
They have MgF 2 entrance windows that transmit light below 10.97 eV (above 113nm) 22 .
The first detector we used was a 'standard' cylindrical tube with an inner radius (a) of 1.11 cm (0.4375"). Subsequently, we used a D-shaped tube with an inner radius (a D ) of 1.44 cm (0.565"). The detectors face the sample and are rotated by 50
• from the high symmetry axis of the electron source. The detectors are also mounted on linear drives (Thermionics LMAB-1.87-2) that allow them to be pulled back out of harm's way during sample transfer on and off the sample manipulator.
A. Solid angle of detection
The solid angle of detection for a window on a circular tube can be written as
where the linear half angle γ can be expressed in terms of the window radius (a) and the shortest distance to the window face (z):
For D-tubes, the calculation is divided into two parts; Ω = Ω 1 + Ω 2 , where
is the solid angle associated with the circular part of the window and
is the solid angle associated with the non-circular part generated by the presence of the flat ( 
IV. ELECTRONICS
The control of the experiment is divided in two parts, to avoid relying upon software to do high speed timing. The overall control of the measurement is maintained using a PCI (Peripheral Component Interface) extensions for Instrumentation (PXI) embedded computer (National Instruments) and a LabView virtual instrument. In isochromat mode, a spectrum is generated by ramping the energy of the electron source, typically from ε K =7 → 14 eV, while counting the number of detector pulses. The estimation of the count rate is complicated by the fact that the detectors are 'dead' for a period of 100−200 µs after each photoionization avalanche 16 . During the dead time, positive ions partially cancel the applied electric field within the tube and reduce its ability to detect photons. Consequently, photons are lost at high count rates and the count rate is underestimated, thereby flattening the peaks in the spectra. To account for this we use dead-time gating electronics, realized using a home-built CMOS (complimentary metal oxide semiconductor) logic circuit. The other function of the control electronics is to measure the sample drain current in each channel and normalize each channel to the drain current. This is again complicated by the fact that the drain current should only be measured when the detector is 'live'.
A. Control Software
The LabView virtual instrument communicates with the gating electronics via digital pulsing and logic levels. It also sends analog control voltages to three Kepco ATE 150-0.3M 0-150V power supplies to set the lens voltages on the S-J source. After a photoionization event, the gating electronics disable the source for 200 µs, which effectively shuts off the sample drain current and the photon flux. Consequently, the detector has time to recover and the total charge Q accumulated on a charge integrator can be used to calculate the drain current during a sampling of width ∆t by simple division I = Q/∆t = CV /∆t.
B. Gating Circuit
The gating circuit consists of four basic parts, illustrated schematically in FIG. 6: a charge integrator, a pulse generator to reset the integrator, a switch for the electron source, and a logic generator which defines the detector's dead time and consequently controls the switching of the source and the counter. These are organized into two separate circuits (on the same board), each controlled from the data acquisition computer. At the start of a data taking cycle, a pulse is sent to the 'reset' input of the circuit. This dumps the charge on the feedback capacitor, then sends a pulse to the 'ready' output, indicating to the software that data acquisition may begin.
When the pulse has been received by the data acquisition computer, a digital logic level enables the electron source. If a pulse is received from either GM single channel analyzer, the second 1455 timer outputs a logical HI for the dead-time which controlled via a potentiometer. The level is used both to halt the counter/timers and to switch off the electron gun (level The sample transfer system consists of Phi-style sample holders and forks. Special consideration was taken to accommodate wafers with different viscinal offcuts: the sample holders counter-rotate the sample so that the surface normal is coincident with the azimuthal axis of rotation. This is done by using different mounting inserts into a basic holder. Although these are not necessary if the high symmetry direction that lies parallel to the viscinal offcut is probed, they are essential if the orthogonal direction, along the steps, is being studied.
The azimuthal orientation of the sample is set using a vacuum screwdriver which locates in a groove on the back of the sample holder. The screwdriver is located on a linear drive opposite the LEED optics and it is retracted when it is not in use. The LEED images can be captured using a Cohu CCD camera (4912-2001) and a National Instruments IMAQ 1408 PXI Frame-grabber card, which also displays the diffraction pattern on a video monitor while the sample is being rotated. This allows us to align the crystallographic axes of the sample with the rotation axis of the sample manipulator.
The vacuum screwdriver greatly simplifies the design of the sample manipulator, as it removes the necessity for providing the azimuthal control on the same flange as the translational and axial motions. The manipulator comprises a Cu plate and a Cu-Be fork that locates in a groove in the Phi-style sample holder (FIG. 8) . When the sample is transferred onto the sample manipulator the plate provides a force that pushes it against the tines of the fork. The design allows the sample to be cooled using a copper braid that will run between an APD closed cycle cryostat and the copper cooling block (FIG. 8) . and theoretical curves indicates that the count rate is proportional to the solid angle of detection. To our knowledge this is the first time this dependence has been reported for an inverse photoemission GM photon detector. Disabling the dead-time gating circuit leads to an underestimate of the counting rates, particularly at higher fluxes, as expected (black points) 12, 13, 16, 17 . We have run the system with either two standard tubes or two D-tubes.
Consequently, we have not made a direct comparison between the count rate of the standard tube and the D-tube under identical experimental conditions. However, because we have established that the count rate is proportional to the solid angle of detection, we expect that the count rate from the D-tube should be 17% larger at a sample-detector distance of 1.27 cm (0.5"). The count rate can also be increased by using a gas with a larger bandpass (see below).
B. Detector Bandpasses
In a previous paper 17 we reported that the alcohols ethanol and 1-propanol could be used as self-quenching photon detection gases in Geiger-Müller-type detectors with MgF 2 windows. They have photon bandpasses of 0.37±0.02 and 0.43±0.02 eV respectively. Both of these bandpasses are narrower than the bandpass of the dimethyl ether/MgF 2 detector and neither require the addition of a quench gas to stabilize the avalanches. In this paper we demonstrate that 1-butanol can be added to this list of self-quenching detection gases, with a detector bandpass of 0.56±0.02eV. We also reported 17 that methanol produces stable photon-induced pulses and suggested that the methanol/MgF 2 detector may have an extremely narrow bandpass. The ionization potential (IP) of methanol is 10.85 eV 8 and the high energy transmission cutoff of MgF 2 is 10.97 eV 22 . The difference between these two quantities is 0.12 eV and consequently the FWHM bandpass could be as small as 0.10 eV. A bandpass of 0.10 eV would be attractive because it would produce a 'high' resolution photon detector that would be a useful complement to the four detection gases mentioned above. However, we have found that the bandpass of the methanol/MgF 2 photon detector is not as narrow as the above estimate would indicate; the bandpass of the methanol detector is actually larger than that of the ethanol detector. We have determined from measurements of the image state on Cu(100) and Cu(111) that the transmission function of the methanol/MgF 2 detector has a long low energy tail, limiting its usefulness as a high resolution photon detector for inverse photoemission. Furthermore, because it takes approximately a factor of 4 times longer to collect spectra with methanol than it does with ethanol, there is no advantage to using methanol as a detection gas.
The dependence of the detector transmission function on the detection gas is illustrated in FIG. 9 . Because the lifetime broadening of the image state is 16 ± 2 meV 27 and much smaller than the detector bandpass (for all detection gases), the measurement of the n=1 image state is detector limited. Consequently, it is possible to extract information about the transmission function of the detector from an examination of the shape of the image state.
However, it must be remembered that the source also has a with of ≈ 220 meV 12,13 which is folded into the measured image state spectra. We found that Unfortunately, we must therefore conclude that methanol is not the high-resolution member of this detection gas family that we initially though it might be. A more practical way of creating a higher resolution detector, if required, may be to place a heated MgF 2 window before a ethanol/MgF 2 GM tube. Heating the window will reduce the size of the bandgap and reduce ∆hω d . A similar approach has been successfully used to reduce the bandpass of the iodine/SrF 2 detector 3,29 .
We fit all of the image state spectra with a linear background and a single Gaussian even though (a) and (e) are not well described by this approach. These Gaussians are reproduced in FIG. 10 and in Table 1 C. Sensitivity to photons with energy below 3 eV
The GM detectors that we have used in this study are occasionally sensitive to photons that are transmitted through the vacuum viewports that have an energy below ≈3 eV. This is counterintuitive; our GM detectors should be insensitive to light in this energy range sincē hω =3 eV is well below the ionization potential of all the detection gases that we have used.
During normal operation we cover all vacuum viewports to prevent light from entering the vacuum chamber and we have no reason to believe, based on the quality of the representative spectra (below), that the operation of the detectors is compromised. Furthermore, we know that iodine GM detectors 30, 31 occasionally behave the same way, so this appears to be a general property of GM photon detectors and not a unique property of the alcohol detection gases. The GM tubes that we used in this study were made of stainless steel. The GM tubes that developed the sensitivity to background light only developed this sensitivity after a period of prolonged use. Although we carefully cleaned both the tubes and the electrodes, we were unable to restore them to their original condition. Further studies are in progress.
D. Representative spectra
To illustrate the performance of the system, a number of spectra were collected and are 
E. ε-k maps
The results of inverse photoemission experiments are usually presented as a sequence of energy distribution curves (EDCs); I(ε i ), taken at different incidence angles θ j . The dispersion of the energy bands are inferred from the movement of the peak positions. However, the high counting rates and good signal-to-noise ratios that can be achieved with our system allow us to explore other ways of representing this information. For example, if a sequence of spectra are collected at regularly spaced angles, the spectra can be combined to form a two-dimensional array I(ε i , θ j ), which can be mapped into a second array I(ε i , k j ), where k lies parallel to the surface. We call these I(ε, k || ) arrays ε-k maps to distinguish them from conventional EDCs. This approach is routinely used in photoemission because modern electron analyzers employ multi-detection schemes that lend themselves to this kind of representation. However, this approach has not, to our knowledge, been used before in inverse photoemission. As a proof-of-principle we present a ε-k map from the Cu(100) surface taken along theΓX direction of the surface Brillouin zone. This is one of the most extensively studied metal surfaces and the features that appear in this image are well understood [33] [34] [35] [36] .
The map is dominated by a bulk transition which disperses upwards and away from the zone center. The bulk bands involved in this transition have been identified previously 34 .
The image potential state, although partially obscured by the intense emission from the bulk transition, is also visible, exhibiting a free-electron dispersion. At the zone center it is located ≈4 eV above the Fermi level and its dispersion is in good agreement with previous measurements 35 .
VII. DISCUSSION
The inverse photoemission system that we have described above introduces a number of new features that are not commonly found in inverse photoemission systems. For example, the use of a MgF 2 entrance window and alcohols as detection gases allows the photon detector bandpass to be set to a number of discrete values in the energy range from 0.37±0.02to 0.73±0.04eV. Consequently, survey spectra can be taken quickly with a bandpass of 0.73±0.04 eV and then, if required, higher resolution spectra can be taken by simply refilling the photon detector with one of the other detection gases. Furthermore, because the alcohols are self-quenching, quench gases do not have to be added to the photon detector, so the detection gas can be changed rapidly. The ability to open up the detector bandpass to 0.73±0.04 eV could be used to advantage in the study of molecular overlayers, where the total exposure time to an electron beam should be kept as small as possible, or in spinpolarized inverse photoemission experiments where low count rates are common. Alcohols are also inert and non-corrosive, therefore much easier to use than iodine. The other feature that sets this system apart from others is its large solid angle of detection; when both tubes are placed close to the sample, the detectors collect a solid-angle of up to 57.8% of 2π. This is considerable improvement on the ≈4% that we collected with our previous system 12 . The measured count rate is proportional to the solid-angle of detection and the large solid angle allows ε-k maps to be collected with good signal-to-noise levels. The dual tube detection geometry can also be used to perform polarization studies of final state symmetries that utilize dipole selection rules 37, 38 . Although we have not explored this possibility here, we anticipate we shall in the future. The full scan was taken from a Cu(100) surface with the electron beam in normal incidence.
The large peak just above E F is produced by the superposition of 2 bulk transitions and the peak located at 4 eV is the n=1 image potential state. The n=1 image state was re-measured using the complete set of detection gases and the the labelling scheme (a → e) is defined in Table 1 with a being the widest and e being the narrowest bandpass. Table 1 for an explanation of the detector gas labelling scheme. The image potential state, located ≈ 4 eV above the Fermi level, is also visible, exhibiting a free electron-like dispersion.
